Much of our understanding about 'adaptive thermogenesis' as a control system in mammalian weight regulation derives from studies of experimental starvation and overfeeding, and these have served to characterize its functional role as an 'attenuator' of energy imbalance. By applying a system-analysis approach in evaluating data on the energetics of starvation and refeeding, evidence is presented here in support of the hypothesis that there are in fact two distinct control systems underlying adaptive thermogenesis. In one of them, the efferent limb is primarily under the control of the sympathetic nervous system (SNS), whose functional state is dictated by overlapping or interacting signals arising from a variety of environmental stresses, including food deprivation, deficiency of essential nutrients, excess energy intake and exposure to cold or to infections; it is hence referred to as the non-specific control of thermogenesis, and is likely to occur primarily in organs=tissues with a high specific metabolic rate (eg liver, kidneys, brown fat). The other is independent of the functional state of the SNS and is dictated solely by signals arising from the state of depletion of the adipose tissue fat stores; it is hence referred to as the adipose-specific control of thermogenesis, and is postulated to occur primarily in the skeletal muscle. While suppression of this adipose-specific thermogenesis during both starvation and refeeding leads to energy conservation, the energy spared during refeeding is directed specifically at the replenishment of the fat stores, so that it functions as an 'accelerator' of fat recovery. These two distinct control sytems for adaptive thermogenesis have been incorporated in a compartmental model of body weight and body composition regulation. This is used to provide a mechanistic explanation as to how, during weight recovery, they can operate simultaneously but in opposite directions -with activation of thermogenesis under non-specific control being energy-dissipating, while suppression of thermogenesis under adipose-specific control being energy-conserving -and could hence explain the paradox of a high efficiency of fat recovery co-existing with an overall state of enhanced thermogenesis and hypermetabolism. Elucidating the components of the adipose-specific control of thermogenesis (ie its sensors, signals and effector mechanisms) will have important implications for our understanding of body composition regulation, and hence for the development of more effective strategies in the management of cachexia and obesity.
Introduction
Throughout much of their evolutionary history, the mammalian species have been faced with periodic food shortages, specific nutrient deficiencies and sometimes food abundance. Within such a lifestyle of famine and feast, it is conceivable that specialized mechanisms for energy conservation, but also for energy wastage, have evolved to the extent that they constitute key control systems in the regulation of body weight and body composition. Although such notions of homeostatic heat production have existed ever since Claude Bernard pointed out the role of the internal environment in dampening the impact of external stresses on the body, a mechanistic explanation of how these putative control systems -operating through changes in heat production -enable the body to make such adaptive adjustments to these nutritional stresses is still today a poorly understood area of mammalian physiology.
There is nonetheless increasing recognition, largely based upon studies of experimental overfeeding, that the capacity of humans to activate heat production in response to diet, ie diet-induced thermogenesis (DIT), contributes significantly to the ability of certain individuals to attenuate the impact of positive energy balance and hence to resist obesity. 1, 2 Conversely, the findings from human studies of prolonged starvation that the rate of basal metabolism falls to an extent well beyond that explained by the loss of body weight and lean tissues underscore a role for an enhanced efficiency of cellular energy utilization in attenuating the impact of negative energy balance, and hence in reducing the rate at which the body's tissues are being depleted. 3, 4 Such variations in heat production that serve the purpose of limiting changes in body weight against energy imbalance are embodied within the concept of regulatory or adaptive thermogenesis -terms that developed by analogy to thermoregulatory thermogenesis which describes the variations in heat production that serve to buffer the body's core temperature against changes in the environmental temperature. Within the context of weight homeostasis, adaptive thermogenesis is thus viewed as a control system which functions as an 'attenuator' of energy imbalance and, like thermoregulatory non-shivering thermogenesis, it is primarily under the control of the sympathetic nervous system (SNS). 5 However, the common observations after substantial weight losses that body fat is recovered earlier than lean tissue, independently of the level of dietary energy supplementation and diet composition, 6 have also raised the possibilities that part the adaptive reduction in thermogenesis during weight loss is also dictated by signals arising specifically from the depletion of the fat stores and that this energy economy persists during weight recovery for the purpose of accelerating the replenishment of fat stores. From a system physiology standpoint, the nature of the adaptive reduction in thermogenesis in response to starvation and refeeding can thus be conceived to be constituted by two distinct control systems -a concept depicted in Figure 1 . One control system, which is a direct function of changes in the food energy supply, responds relatively rapidly to the energy deficit. Its effector mechanisms are suppressed early during the course of starvation, and upon refeeding they are restored relatively rapidly as a function of energy re-availability, and are activated further if hyperphagia occurs during refeeding. Because the efferent limb of this control system, which is primarily under SNS control, is dictated not only by the dietary energy supply but also by a variety of other environmental factors such as diet composition, specific nutrient deficiencies, ambient temperature, psychological stress etc, it is referred to as the non-specific control of thermogenesis. By contrast, the other control system has a much slower time-constant by virtue of its response only to signals arising from the state of depletion=repletion of the fat stores; it is therefore referred to as the control system operating through an adipose-specific control of thermogenesis. While suppression of this adipose-specific thermogenesis during starvation and during refeeding leads to energy conservation, the energy thus spared during refeeding is directed specifically at the replenishment of the fat stores, resulting in an accelerated fat recovery. This paper first reviews experimental evidence for the existence of this less well known and poorly understood adipose-specific control of thermogenesis, and subsequently integrates these two distinct control systems underlying adaptive thermogenesis in a compartmental model of body weight and body composition regulation during a cycle of weight loss and weight recovery.
Evidence in humans
To investigate the existence in humans of a link between suppressed thermogenesis and the depletion of the fat stores, we re-analysed the data on the changes in basal metabolic rate (BMR) and in body composition in the 32 men who participated in the classic study of experimental semistarvation conducted by Keys et al. 3 In this unique longitudinal study of semi-starvation and refeeding, conducted under tightly controlled conditions of diet and lifestyle, the 32 healthy men of normal body weight resided continuously at the University of Minnesota during the 12 week control baseline period, the 24 weeks of semi-starvation (during which each man lost 25% of his initial body weight), and 12 weeks of restricted rehabilitation on diets relative low in fat ( 20% fat by energy). In our re-analysis of this Minnesota Experiment, 7 we have calculated, at the various time points during starvation and refeeding, the following parameters for each of the 32 individuals: (a) an index of the adaptive reduction in thermogenesis -as the reduction in BMR greater than predicted from changes in fat-free-mass (FFM) and fat mass, ie the residual BMR; and The notion of a link between the adaptive reduction in thermogenesis and the body's fat stores was tested by examining the extent to which inter-individual variability in the change in adjusted BMR (suppressed thermogenesis) during starvation and refeeding could be explained by the degree of depletion=repletion of the body's fat stores. As shown in Figure 2 , a plot of change in adjusted BMR against the deviation in body fat revealed a positive relation during starvation as well as refeeding, ie the greater the degree of fat depletion during starvation (or the lower the degree of fat repletion during refeeding), the greater the extent of reduction in residual BMR and hence the greater the degree of reduction in thermogenesis. These significant correlations between reduced thermogenesis and deviation in body fat contrasted with the lack of significant correlation against the deviation in FFM, whether during starvation or refeeding. 7 Taken together, the continuum in the existence of the relation between suppressed thermogenesis and fat depletion during both phases of weight loss and weight recovery reflect the operation of a control system with a negative feedback loop between adaptive thermogenesis and the state of depletion of the fat stores, ie an autoregulatory feedback system in which signals from the depleted adipose fat stores exert a suppressive effect on thermogenesis.
Animal model of fat recovery
Direct evidence for the existence and functional role of an adipose-specific control of thermogenesis during refeeding can be derived from studies designed to enable the interpretation of data on energy expenditure without the confounding effects of differences in food intake and=or in body size between refed and control groups. 8 To this end, we utilized the experimental approach shown in Figure 3 , whereby the changes in energy expenditure and in the body's main energy-containing compartments (fat and protein) during weight recovery from food restriction are examined in the laboratory rat under conditions whereby the refed group is pair-fed with weight-matched (WM) controls. The level of food restriction is such that the body weight and body protein is maintained constant for 10 -14 days, but body fat is reduced by about 50% compared to that prior to food restriction. As shown in Figure 3 , under conditions whereby the rehabilitated animals were pair-fed to controls, the rate of protein deposition is found to be the same as in controls, but the rate of fat deposition was 2 -3-fold higher Figure 2 Minnesota Experiment of human starvation and refeeding revisited: relation between suppressed thermogenesis, asssessed as change in BMR adjusted for changes in FFM and fat mass, and the state of depletion of body fat stores, during weight loss (S12, week 12 of semi-starvation) and during weight recovery (R12, week 12 of restricted refeeding). Adapted from Dulloo and Jacquet. in the refed than in the controls during the first 2 -3 weeks of weight recovery. This is because, despite similar energy intake in both groups, the energy expenditure remains about 15 and 10% lower than in controls during the first and second 10 day period of refeeding, respectively, and that this increase in metabolic efficiency is directed specifically at accelerating fat deposition, but not protein deposition; in the third 10 day period of rehabilitation (days 20 -30), these differences in energy expenditure and in fat gain are no longer apparent. Thus by pair-feeding the refed animals to their ad libitum fed controls with similar starting body weight and body protein (the WM controls), our experimental approach bypasses problems associated with comparison between refed and age-matched controls, ie animals with differences in body size, food intake and in the rate of protein deposition, and hence provides a means of assessing quantitatively the contribution of an adaptive reduction in thermogenesis per se to the diminished energy expenditure during weight recovery. The other factors that could theoretically contribute to this difference in energetics between refed animals and controls (age difference, physical activity, feeding pattern) have been evaluated and shown, under conditions of our study, to have a minimal impact on the difference in energy expenditure between the two groups. 8, 9 Consequently, under conditions of our refeeding study on well-balanced diets, the lower energy expenditure in the refed animals than in WM controls is essentially the energy spared as a result of sustained suppression of thermogenesis. The fact that this phenomenon of energy conservation is 'switched off' when the body fat content of the refed animals has reached that observed in age-matched controls, 8, 9 is consistent with the existence of an adipose-specific control of thermogenesis, whose functional role during weight recovery is to rapidly re-establish the fat stores.
Dissociation from SNS activity
Subsequent studies in the rat using the same design for comparing refed rats and WM controls suggested that whatever mechanisms underlie the adipose-specific control of thermogenesis, they are distinct from those mediating the non-specific control of thermogenesis, and hence independent of the functional state of the SNS. Several lines of evidence support this contention. First, the reduction in SNS activity during starvation is rapidly restored to control levels with a few days of refeeding 5 and hence contrasts with the kinetics of reduced thermogenesis during refeeding which lasts for two weeks or more. Second, energy balance studies comparing refed rats that are pair-fed to their respective WM-controls in the cold or at thermoneutrality, 10 ie Figure 3 Sustained reduction in energy expenditure and accelerated fat deposition in a rat model of controlled refeeding after semi-starvation. Energy balance and body composition changes were assessed over three successive periods of 10 days each in refed animals pair-fed with controls matched for body weight at the onset of refeeding. The lower energy expenditure during refeeding persists for 2 -3 weeks, and is due almost entirely to a sustained suppression of thermogenesis during weight recovery.
under conditions known to markedly activate or to suppress SNS activity, respectively, indicate that the efficiency of fat deposition remains much higher (and energy expenditure lower) in the refed group than in the control group independently of environmental temperature (Figure 4) . In other words, the reduction in thermogenesis specific for fat replenishment remains unabated under conditions for which available evidence points to an overriding effect of thermoregulation on dietary modulation of SNS activity in various tissues. Third, in response to dietary conditions known to enhance sympathetic activation of thermogenesis, namely during ad libitum refeeding and hyperphagia or during refeeding on low-protein diets, 9, 11 we found that despite higher absolute levels of energy expenditure in response to either dietary stimuli, (a) the efficiency of fat deposition during weight recovery in the hyperphagic rats was as high as during isocaloric refeeding, 9 and (b) the amount of fat deposited in the low-protein refed group was as high as during isocaloric refeeding on a normal protein diet.
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Taken together, these studies of refeeding in response to stimuli of cold, hyperphagia or protein-deficient diets provide strong evidence that, despite elevated sympathetic activation of thermogenesis, the high efficiency of fat recovery which is characterized by suppressed thermogenesis under adipose-specific control is unperturbed, and hence unlikely to be under sympathetic neural control. The fact that the suppressed adipose-specific thermogenesis can coexist with enhanced SNS-mediated (non-specific) thermogenesis suggests that these two control systems have distinct effector sites, with the adipose-specific control of thermogenesis occurring at sites other than those recruited by the SNS in response to diet and cold.
Sites for thermogenesis
Clues about site specificity for such differential control of thermogenesis may be obtained from an overall analysis of tracer kinetic studies of norepinephrine turnover rates in various organs and tissues. Table 1 provides a summary of findings from such studies conducted in the laboratory of Landsberg and Young, 12 -15 and underscores the considerable heterogeneity in sympathetic neural outflow in response to cold exposure and to diet. The available evidence suggests that SNS activity in the organs and tissues with high metabolic activity (heart, kidneys, liver, pancreas and brown adipose tissue) correlates with altered thermogenesis in Figure 4 Adaptive reduction in energy expenditure underlying accelerated fat recovery persists independently of the environmental temperature, thereby suggesting that the enhanced efficiency of fat deposition can be dissociated from sympathetic control of thermogenesis. Drawn from data in Dulloo et al. The arrow up implies increased SNS activity in organ=tissue, as assessed by techniques of radiolabelled norepinephrine turnover; 12 -15 the zero indicates no significant change. Note that the skeletal muscle is not recruited by the SNS in response to cold or diet, independently of the muscle type studied.
14 response to cold and=or dietary stimuli, whereas in the skeletal muscle (which has a relatively low metabolic activity at rest), the SNS activity is unresponsive to modulation by both diet and cold exposure. These findings therefore raise the possibility that the sympathetic neural mechanisms underlying the non-specific control of thermogenesis (with a relatively rapid reaction time) operate in the metabolically fast-tissues=organs, and are rapidly restored upon food reavailability, whereas the mechanisms underlying the adiposespecific control of thermogenesis, and independently of the SNS, operate in the skeletal muscle, a tissue already known to be an important site of starvation-induced suppression of thermogenesis, as judged by studies of regional blood flow by microspheres coupled with measurements of arterial-venous oxygen consumption. 16 
A compartmental model
An overall integration of these two control systems underlying adaptive thermogenesis in the regulation of body weight and body composition during a cycle of weight loss and weight recovery is discussed with the help of a schematic diagram presented in Figure 5 . This diagram (a) embodies previous findings that the control of body energy-partitioning between protein and fat is an individual characteristic, ie individuals vary in their partitioning characteristic (Pc) between protein and fat during starvation, 17 and (b) takes into account the two distinct control systems for adaptive thermogenesis which can operate independently of each other.
During starvation, the control of partitioning determines the relative proportion of protein and fat to be mobilized from the body as fuel (ie the individual's Pc), and the energy conserved due to suppressed thermogenesis is directed at reducing the energy imbalance, with the net result that there is a slowing down in the rate of protein and fat mobilization in the same proportion as defined by the Pc of the individual. Indeed, the fact that in normal-weight humans, the fraction of fuel energy derived from protein (ie the Pratio) remains relatively constant during the course of prolonged starvation 18 implies that control systems underlying suppressed thermogenesis are directed at sparing specifically neither protein nor specifically fat, but at sparing both the protein and fat compartments. During starvation, therefore, the functional role of both control systems underlying suppressed thermogenesis is to reduce the overall rate of fuel utilization.
During refeeding, the control of partitioning operates in such a way that protein and fat are deposited in the same relative proportion as determined by the Pc of the individual during starvation, and the increased availability of food leads to the rapid removal of suppression upon the non-specific (SNS-mediated) control of thermogenesis. By contrast, the suppression of the thermogenesis under adipose-specific control is only slowly relieved as a function of fat recovery, such that the energy that continues to be spared is directed specifically at the replenishment of the fat stores. The net effect, as previously demonstrated using both statistical and numerical approaches in our re-analysis of data from the Minnesota Experiment, 19 is that fat is deposited in excess of that determined by the Pc of the individual, thereby contributing to the disproportionate rate of fat relative to lean tissue recovery. Such an adaptive phenomenon that accelerates the restitution of the fat stores rather than to divert the energy saved towards compensatory increase in body protein synthesis (an energetically costly process) Figure 5 Schematic representation of a compartmental model for the regulation of body weight and body composition during a cycle of weight loss (prolonged starvation) and weight recovery (refeeding). In this model, the two distinct control systems underlying adaptive thermogenesis -the nonspecific control and the adipose-specific control -are integrated with the more 'basal' control of partitioning between the body fat and protein compartments as determined by the partitioning characteristic (Pc) of the individual; see text for details.
would have survival value in ancestral famine-and-feast lifestyle. This is because (by virtue of the fact that body fat has a greater energy density and a lower energy cost of synthesis=maintenance than protein) it would provide the organism with a greater capacity to rapidly rebuild an efficient energy reserve, and hence to cope with recurrent shortage of food. Thus, the functional role of the adiposespecific control of thermogenesis during weight recovery is to accelerate specifically the replenishment of the fat stores whenever food availabilty is increased after a period of food deficit.
The schematic diagram in Figure 5 also provides a structural framework that explains the apparent paradox that suppressed adipose-specific thermogenesis resulting in enhanced fat deposition during refeeding (and postulated to occur in the skeletal muscle) persists under conditions when the non-specific control of thermogenesis is activated in organs=tissues recruited by the SNS (see Table 1 ). Such differentially regulated control systems for thermogenesis may have arisen during the course of mammalian evolution in order to satisfy the need for energy conservation directed specifically at rapid recovery of body fat under a variety of environmental stresses when sympathetically mediated activation of heat production has equally important survival value, namely (a) for thermoregulatory needs during weight recovery in cold environments, (b) for the generation of fever during exposure to infections, or (c) for concomitant enhancement of DIT during weight recovery on a poor diet (eg low in protein) in which case excess energy intake, resulting from the consumption of large quantities of the poor diet in an attempt to meet the requirements of the specific nutrients, needs to be dissipated as heat in order to avoid excessive weight gain.
Concluding remarks
The existence of an adipose-specific control of thermogenesis has direct experimental support only in the phase of weight recovery after starvation or growth arrest, where it can be shown to operate independently of the functional state of the SNS. It is proposed that it operates as a feedback loop between the adipose tissue fat stores and the skeletal muscle, and would hence comprise of a sensor(s) of the state of depletion of the fat stores, a signal(s) dictating the suppression of thermogenesis as a function of the state of depletion of the fat stores and an effector system mediating adaptive thermogenesis in this skeletal muscle. To date, however, studies of prolonged starvation and refeeding have indicated that neither circulating levels of FFAs nor leptin show temporal changes that correlate with the kinetics of suppressed thermogenesis under adipose-specific control, nor is there evidence that the uncoupling protein homologues, UCP2 and UCP3, have a physiological role in the mediation of skeletal muscle thermogenesis. 20 -23 In the present state of knowledge, the sensor(s), signal(s), and effector system of the adipose-specific control of thermogenesis remain unknown. Their elucidations will no doubt have important implications for our understanding of body composition regulation, and hence for the development of more effective strategies in the management of cachexia and obesity.
